Guanosine 3':5'-cyclic monophosphate (cGMP)dependent protein kinase has been purified to homogeneity from bovine lung by affinity chromatography and characterized. Partially purified protein kinase, specifically activated by low concentrations of cGMP (22 nM), was adsorbed onto 8(2-aminoethyl)amino-adenosine 3':5'-cyclic monophosphate-Sepharose. After washing to remove nonspeic proteins, cGMP-dependent protein kinase was specifically eluted by 0.1 mM cGMP. The purified protein contained cGMP-dependent protein kinase and specific cGMP binding activities. Purification of the holoenzyme was possible because subunit dissociation does not occur upon cyclic nucleotide binding. cGMPdependent protein kinase holoenzyme -has an apparent molecular weight of 150,000 as determined by glycerol density gradient sedimentation. On sodium dodecyl sulfate/polyacrylamide gel electrophoresis, a single protein band of 74,000 molecular weight was observed that suggested the holoenzyme is a dimer composed of subunits of identical molecular weight. cGMP-dependent protein kinase required high concentrations of Mg+2 for optimal activity; a heat-stable protein kinase modulator which inhibited adenosine 3':5'-yclic monophosphatedependent protein kinase activity had no effect on the activity of purified cGMP-dependent protein kinase. Elevations in guanosine 3':5'-cyclic monophosphate (cGMP) are associated with cellular responses which differ from those associated with elevations in adenosine 3':5'-cyclic monophosphate (cAMP) (1). In analogy with the observations that cAMP effects are mediated through cAMP-dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) (2-4), Kuo and Greengard have proposed that specific cGMP-dependent protein kinase(s) mediate the biological effects of cGMP (5). Protein phosphokinase activities specifically stimulated by low concentrations of cGMP have been described in lobster muscle (5), various species of arthropoda (6) and in several mammalian tissues (7-11). The substrate specificity of cGMP-dependent protein kinase appears to differ from that of cAMP-dependent protein kinase (9, 12, 13) which suggests that the cGMP-dependent enzyme differs in both nucleotide binding and catalytic phosphotransferase specificities.
cGMP-dependent protein kinase was specifically eluted by 0.1 mM cGMP. The purified protein contained cGMP-dependent protein kinase and specific cGMP binding activities. Purification of the holoenzyme was possible because subunit dissociation does not occur upon cyclic nucleotide binding. cGMPdependent protein kinase holoenzyme -has an apparent molecular weight of 150,000 as determined by glycerol density gradient sedimentation. On sodium dodecyl sulfate/polyacrylamide gel electrophoresis, a single protein band of 74,000 molecular weight was observed that suggested the holoenzyme is a dimer composed of subunits of identical molecular weight. cGMP-dependent protein kinase required high concentrations of Mg+2 for optimal activity; a heat-stable protein kinase modulator which inhibited adenosine 3':5'-yclic monophosphatedependent protein kinase activity had no effect on the activity of purified cGMP-dependent protein kinase. Elevations in guanosine 3':5'-cyclic monophosphate (cGMP) are associated with cellular responses which differ from those associated with elevations in adenosine 3':5'-cyclic monophosphate (cAMP) (1) . In analogy with the observations that cAMP effects are mediated through cAMP-dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) (2-4), Kuo and Greengard have proposed that specific cGMP-dependent protein kinase(s) mediate the biological effects of cGMP (5) . Protein phosphokinase activities specifically stimulated by low concentrations of cGMP have been described in lobster muscle (5) , various species of arthropoda (6) and in several mammalian tissues (7) (8) (9) (10) (11) . The substrate specificity of cGMP-dependent protein kinase appears to differ from that of cAMP-dependent protein kinase (9, 12, 13) which suggests that the cGMP-dependent enzyme differs in both nucleotide binding and catalytic phosphotransferase specificities.
Apparent low cellular concentrations and instability of cGMP-dependent protein kinase in mammalian tissues have retarded purification and characterization of the enzyme. The present report describes successful purification of cGMPdependent protein kinase from bovine lung through the use of affinity chromatography. Because we observed that, unlike cAMP-dependent protein kinase, the binding of cGMP and consequent activation of cGMP-dependent protein kinase does not involve subunit dissociation, the holoenzyme can be purified by specific binding through the cGMP receptor site to an immobilized cyclic nucleotide derivative, followed by ligand elution with cGMP. Properties of the purified enzyme are described.
METHODS
Synthesis of 8-NH2(CHA)2NH-cAMP-Sepharose. A threestep synthesis consisting of direct bromination at the C8 position of cAMP, substitution with 1,2-diaminoethane, and coupling to CNBr-activated agarose was utilized (14) (15) (16) (17) . A detailed description of the procedure and material obtained has been reported (17) .
cGMP-Dependent Protein Kinase Activity. Reactions (50 ,A) containing 30 mM potassium phosphate at pH 6.5, 50 mM magnesium acetate, 0.1 mM 2-mercaptoethanol, 1 mM theophylline, 1.2 mM [-y32P]ATP (3-10 cpm/pmol), 1 ,uM cGMP when added, 1 mg/ml of histone f2b (Sigma Chemical Co.), and indicated amounts of enzyme were incubated for 10 min at 300.
Reactions were terminated by spotting an aliquot onto 2.5 cm Whatman no. 3 filter discs; these were processed as described by Wastila et al. (18) . All assays were performed in duplicate and washing blanks have been subtracted. (19) .
RESULTS

Identification and Characterization of Bovine Lung
cGMP-Dependent Protein Kinase. cGMP-dependent protein kinase was partially purified from bovine lung by the procedures described by Nakazawa and Sano for pig lung (10 (Fig. 2) . The enzyme activity showed a broad pH optimum (pH 6-8); cGMP stimulatory activity decreased above pH 7.5. The reaction optima for the bovine lung enzyme resemble those described for other mammalian tissues (7) (8) (9) (10) (11) . Because standard assay conditions inhibit cAMP-dependent protein kinase activity, detection of cGMP-dependent protein kinase activity in partially purified material is possible.
Specific binding activity with high affinity for cGMP is associated with cGMP-dependent protein kinase (Fig. 3A) . cGMP receptor and cGMP-dependent protein kinase activities cosediment at 6.7 S in glycerol density gradients. The KD for ester filters to separate bound from free nucleotide equals 56 nM where KD refers to the equilibrium dissociation constant. When cGMP-dependent protein kinase was incubated with saturating concentrations of cGMP, and centrifuged through 5-30% linear glycerol gradients containing saturating concentrations of cGMP, the position of the protein kinase was unchanged (Fig. 3B) . Parallel experiments using [3H]cGMP indicate that cGMP receptor activity also remains at 6.7 S (Fig.  3B) . Use of higher concentrations of cGMP (0.1 mM) or inclusion of ATP-Mg+2 and histone at the standard kinase assay concentrations alone or in combination in the preincubation and in the gradient did not alter the sedimentation. Sodium chloride (0.5 M) also had no effect. Under similar conditions, cAMP-dependent protein kinase is activated by cAMP by dissociation of the cAMP: receptor subunit from the catalytic t The exact percentage recovered is difficult to estimate since the amount of cGMP independent kinase activity in the DEAE-cellulose fraction -is uncertain. By using as 100% the total activity (+ cGMP) in the DEAE-cellulose fraction, we found yields at the affinity chromatography step have varied between 20 and 70% and the final specific activity has varied from 800 to 1730 nmol of 32p incorporated into histone f2b per min/mg of enzyme.
protein kinase subunit (20) (21) (22) (23) (24) (25) (26) (27) cAMP-dependent protein kinase from rabbit skeletal muscle (1660 nmol of 32p incorporated per min/mg) (28) and to that of purified peak II cAMP-dependent protein kinase from bovine heart (500-600 nmol of 32p incorporated per min/mg) (29) . The overall purification factor was approximately 8000-fold. Purified cGMP-dependent protein kinase preparations rapidly lost activity unless stored in either Ampholines (2%) or bovine serum albumin carrier (1 mg/ml).
Subunit Structure of cGMP-Dependent Protein Kinase. Protein eluted from 8-NH2(CH2)2NH-cAMP-Sepharose by cGMP contains both cGMP-dependent protein kinase and cGMP binding activity (Fig. 4) . Specificity for cGMP similar to that observed in the impure protein preparation (Fig. 1) was observed. The degree of response to cGMP stimulation has varied in different preparations. It is likely that bound unlabeled cGMP present from the elution step prevents accurate determination of basal activity. Both cGMP-dependent protein kinase and cGMP binding activity sediment at 6.7 S in glycerol density gradients with an estimated molecular weight of 150,000 (31). 5 . Slab NaDodSO4/polyacrylamide gel electrophoresis of bovine lung cGMP-dependent protein kinase. cGMP-protein kinase was purified through the Sephadex G-200 step described in Fig. 4 . cGMP-dependent protein kinase activity in fractions 26-33 was pooled and dialyzed against 2 mM triethylammonium bicarbonate at pH 7.5, containing 2 mM 2-mercaptoethanol. The protein solution was lyophilized and the residue dissolved in buffer containing 50 mM Tris-HCl at pH 6.8, 1% NaDodSO4, 0.1% 2-mercaptoethanol (vol/vol), 1% glycerol (wt/vol), and bromophenyl blue. NaDodSO4/polyacrylamide gel electrophoresis was performed in 7.5% gels as described by Laemmli (34) . (A) Protein markers (2 Mg each). (B) cGMP-dependent protein kinase (8 ,g ). BSA, bovine serum albumin.
Sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gel electrophoresis of the purified preparation demonstrated a homogeneous protein band (Fig. 5) t cAMP-dependent protein kinase from rabbit skeletal muscle was purified through the calcium phosphate step (17) . cGMP-dependent protein kinase was purified through Sephadex-G200 chromatography as described in Table 1 .
t The protein kinase modulator was purified from bovine lung according to the procedure of Kuo et al. (11) . Enzyme dependent phosphorylation of the modulator was less than 10-4 units, and the modulator preparation had no kinase activity.
by glycerol density gradient sedimentation is approximately 150,000 and the molecular weight of the subunit determined by NaDodSO4/polyacrylamide gel electrophoresis is 74,000, the cGMP-dependent protein kinase appears to be a dimer of identically sized subunits. Because the subunits are denatured, it is not possible to assign cGMP binding and protein phosphotransferase activity to a single polypeptide chain. However, the subunit composition of cGMP-dependent protein kinase appears to differ significantly from that of cAMP-dependent protein kinase which is composed of dissimilar cAMP receptor and catalytic kinase subunits. Additional differences between the two enzymes include the high Mg+2 requirement for cGMP-dependent protein kinase activity and the apparent lack of effect of a heat stable protein kinase modulator on the cGMP-dependent enzyme assayed on histone f2b substrate. This same heat stable protein inhibits cAMP-dependent protein kinase activity by binding to the free catalytic subunit following cAMP activation (35) . Because the bovine lung inhibitor did not affect cGMP-dependent protein kinase, it remains possible that the stimulatory modulator described by Kuo and Kuo (36) was absent from our preparation.
Cellular cGMP concentrations have been reported to increase in response to a number of physiological stimuli (1, (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . Physiological responses associated with elevated cGMP levels have been reported to differ (1, 42, 43) or in some cases to parallel (44, 45) responses associated with elevated cAMP concentrations. We propose that distinct cAMP-and cGMPdependent protein kinases mediate the biological effects of each cyclic nucleotide within the cell. Specific high affinity binding of each cyclic nucleotide to protein kinases that differ in reaction optima and subunit responses to cyclic nucleotide activation, and that differ in substrate specificity for phosphorylation provides a basis for specific cellular responses to each cyclic nucleotide. 
